Background. Haemoglobin levels in haemodialysis patients could represent unknown comorbidities, more severe levels of known comorbidities, as well as therapeutic choice. Thus, integrating factors predictive of anaemia with actual haemoglobin levels might improve prognostic discrimination. Methods. We retrospectively studied 93 087 patients who started haemodialysis between 1998 and 2000. Clinical and treatment factors from months 4 through 9, derived from Medicare claims, were used to develop propensity scores for anaemia (mean haemoglobin <11 g/dl). Tertiles of propensity scores were interacted with five levels of actual mean haemoglobin to form 15 groups, ranging from low (anaemia) probability with (mean) haemoglobin <10 g/dl to high probability with haemoglobin !13 g/dl. Cox proportional hazards regression evaluated mortality and first hospitalization among these groups. Results. The anaemia propensity score improved overall prognostic discrimination. Propensity score adjustment significantly improved prediction of mortality (P<0.0001) after covariate adjustments including haemoglobin. For mortality, the highest and lowest adjusted hazard ratios (AHR) appeared in these groups, respectively: high probability with haemoglobin <10 g/dl (AHR 1.64 [1.54, 1.75], P<0.0001), and low probability with haemoglobin 12 to <13 g/dl (AHR 0.79 [0.74, 0.85], P<0.0001). Higher haemoglobin levels were associated with lower mortality even after propensity score adjustment. Similar patterns resulted for first hospitalization; however, the interaction was significant only for hospitalization (P ¼ 0. 0212). Conclusions. Integrating factors predictive of anaemia improves overall prognostic discrimination. Propensity score adjustment refines the prognostic association of haemoglobin levels in haemodialysis patients.
Introduction
Anaemia is a common feature of end-stage renal failure, and erythropoietin deficiency is one of several causative factors [1] . The observation, however, of an inverse relationship between haemoglobin levels and erythropoietin doses challenges the hypothesis that erythropoietin deficiency is the sole cause of anaemia in haemodialysis patients [2] . Resistance to the action of erythropoietin may also be important in the pathogenesis of anaemia in this population [3] . Inflammation in particular has been implicated in recent years [4] [5] [6] [7] [8] [9] [10] [11] . Therefore, it seems implausible that the presence of anaemia in a given patient is fully explicable by therapeutic choice.
Many illnesses considered to be 'non-inflammatory' are associated with higher than expected levels of inflammatory cytokines. It is plausible that the presence of anaemia in one of two otherwise identical patients, with a given comorbid condition, could reflect the presence of a more severe level of that comorbidity. Similarly, all things being equal, a greater severity of anaemia could indicate the presence of unmeasured comorbidity. We hypothesized, therefore, that an approach integrating factors predictive of anaemia with actual haemoglobin levels might improve prognostic discrimination.
Subjects and methods

Objectives
In incident dialysis patients, our objectives were:
1. to evaluate the factors associated with haemoglobin levels <11.0 g/dl. In particular, we wished to enumerate, in the form of a propensity score, whether individual patients had low, moderate, or high probabilities of anaemia; 2. to determine whether anaemia propensity scores modulate the association between actual haemoglobin levels and outcomes, with mortality and hospitalization as primary and secondary outcomes, respectively; 3. to determine whether integrating anaemia propensity scores with actual haemoglobin levels alters prognostic discrimination. Specifically, we studied whether (a) adjusting for propensity score and (b) interacting anaemia propensity scores with actual haemoglobin levels altered prognostic discrimination and 4. to determine whether higher actual haemoglobin levels are associated with decreased mortality (and hospitalization) after adjustment for propensity score.
Data sources and patient population
We retrospectively studied Medicare patients who started haemodialysis between 1 January 1998 and 31 December 2000. Months 4 through 9 inclusive of dialysis therapy (the entry period) were used to define patient characteristics; follow-up began after 9 months. Patients were included in the study if they survived the entry period, had Medicare as a primary payer (MPP) throughout the entry period, had valid data for date of birth, sex, race, ethnicity and primary cause of end-stage renal disease, and had at least one erythropoietin claim and one urea reduction ratio claim during the entry period. Patient counts after each exclusion were as follows: all incident patients with MPP at the start of the entry period, n ¼ 142 324; survived the entry period, n ¼ 117 666; with MPP through the end of the entry period, n ¼ 116 596; with valid demographic data, n ¼ 112 025; with at least one erythropoietin claim, n ¼ 96 091; and with at least one urea reduction ratio claim, n ¼ 93 087.
Medicare institutional outpatient claims provided data on haematocrit value, epoetin (EPO) dose and urea reduction ratio. Patient demographics were obtained from the Identification and Medical Evidence portions of the Renal Beneficiary Utilization System of the Centers for Medicare & Medicaid Services. International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes were used to define comorbid conditions during the study entry period, using the codes shown in Appendix 1.
Analysis
Multivariate logistic regression was used to determine factors associated with mean haemoglobin levels <11 g/dl during the entry period. Regression coefficients from this model were then used to calculate a probability of a mean haemoglobin level <11 g/dl for each patient. The overall distribution of probabilities was arbitrarily divided into tertiles. Fifteen groups were formed by combining the three tertiles of anaemia probability and the following five categories of mean haemoglobin: <10, 10 to <11, 11 to <12, 12 to <13 and !13 g/dl. Cox proportional hazards regression evaluated mortality during follow-up, which started after the end of the entry period and ended at the earliest of: transplantation, switch to peritoneal dialysis, loss to follow-up, 31 December 2002, 1 year of total follow-up. The time to the first day of the first hospital admission in the follow-up period was handled similarly, with the following provisions: (1) for patients with a hospitalization that spanned the end of the entry period, follow-up began on the day of discharge; (2) patients with a hospitalization that spanned the entire follow-up period were excluded (n ¼ 17) and (3) follow-up was censored when Medicare was no longer the primary payer.
Mortality and hospitalization models were compared to evaluate improvement in prognostic discrimination by adjustment for propensity score and by the interaction of anaemia propensity scores with mean haemoglobin levels. These models included: (1) mean haemoglobin levels but not anaemia propensity score, (2) mean haemoglobin levels and anaemia propensity score as separate variables and (3) the interaction of mean haemoglobin levels with anaemia propensity score. The likelihood ratio test compared models (1) and (2) to test propensity score, and models (2) and (3) to test the interaction. Also, to illustrate the models' performance, observed and predicted survival probabilities were compared for models (2) and (3) (Appendix 4). Data splitting was used as a method of internal validation of the models [12] , and the results support their predictive ability.
With the exception of EPO dose, the covariates that were included in the logistic regression model to obtain the propensity scores were also included in the Cox proportional hazards regression models; EPO dose was omitted as an adjustment variable because of collinearity with anaemia propensity score (correlation coefficient between propensity score tertiles and EPO dose quartiles ¼ 0.65). Cox regression models that stratified by quartiles of EPO produced risk for mortality and hospitalization similar to those seen without stratification, and are not reported here.
Analyses were performed using SAS for Windows, version 8.2 (SAS Institute, Cary, NC). Table 1 displays baseline patient characteristics for the overall population. In addition, a comparison of those with and those without anaemia is shown. Using multiple logistic regression, factors associated (P<0.05) with haemoglobin <11 g/dl were higher EPO dose, greater numbers of hospital days and catheter insertions, urea reduction ratio <65%, younger age, female sex, black or other race (other than white, black, Asian, or native American), the absence of diabetes mellitus or absence of cerebrovascular accident/ transient ischaemic attack and the presence of these comorbid conditions: congestive heart failure, peripheral vascular disease, malignancy, peptic ulcer disease, connective tissue disease, dementia and acquired immune deficiency syndrome. Figure 1 plots anaemia propensity scores against mean haemoglobin. The tertiles of propensity score were <0.16, 0.16À0.30 and >0.30. Using simple linear regression to predict haemoglobin from propensity score in the full dataset (n ¼ 93 087), propensity score explained 11.8% of the variation in observed haemoglobin (R 2 ¼ 0.118). Overall mortality and first hospitalization rates were 257 and 1282 per 1000 patient-years, respectively. Abbreviated mortality and hospitalization associations from Cox proportional hazards regression models are shown in Table 2 , and full results in Appendices 2 and 3. The association between higher haemoglobin levels and decreased mortality and hospitalization risk appeared even after adjustment for propensity score. Figures 2 and 3 illustrate the interaction of mean haemoglobin level and anaemia propensity score, when As mean haemoglobin decreased, the increase in hospitalization risk appeared steepest among patients with high probability of anaemia. However, the relationship between mean haemoglobin and mortality appeared generally consistent among propensity score groups. The likelihood ratio tests (Table 3) showed that the interaction of mean haemoglobin and anaemia propensity score was significant only for first hospitalization (P ¼ 0.5366 for mortality; P ¼ 0.0212 for hospitalization). Therefore, the risk of anaemia modulated the association between mean haemoglobin Interaction of propensity score for predicted anaemia and actual haemoglobin levelslevels and hospitalization, but not mortality. The likelihood ratio test also showed that adjustment for propensity score significantly improved prediction of mortality and hospitalization (P<0.0001 for each) after adjustment for mean haemoglobin and other covariates.
Results
Patient characteristics
Discussion
We found that integrating anaemia propensity scores with actual haemoglobin levels improved overall prognostic discrimination. Adjusting for anaemia propensity score significantly improved prediction of mortality and first hospitalization, while the interaction of mean haemoglobin level and anaemia propensity score improved prognostic discrimination only for hospitalization. Higher observed haemoglobin levels were associated with lower mortality and hospitalization, even after adjustment for probability of anaemia. Adjustment for propensity score may refine the prognostic association of haemoglobin levels. These findings suggest that such an approach could be used as a marker for unmeasured comorbidity in observational studies.
Some studies have used indices of EPO dose to haemoglobin level as a marker of therapeutic response [13] [14] [15] [16] . Typically, such a ratio is calculated with EPO dose as the numerator and haemoglobin level as the denominator. Such an approach might be appropriate in experimental studies, especially when comparing the response to a single EPO dose, ideally from a fixed starting haemoglobin level. We chose not to use such an approach for several reasons. First, combining two variables, each of which has an infinity of possible values, must necessarily discard informational quanta, or bytes. Also, we felt that such an approach does not mirror clinical practice, which integrates: starting haemoglobin level, an aspiration to reach a target haemoglobin level, sequential dose changes (when achievement does not match aspiration) and previous therapeutic response patterns, at the level of individual patients. For example, a patient maintaining a longterm haemoglobin level of 5 g/dl and an unchanged EPO dose of 1000 units/week has the same EPO-tohaemoglobin ratio as a patient whose haemoglobin falls from 12 g/dl to 8 g/dl on 2000 units/week or rises from 8 g/dl to 12 g/dl on 2000 units/week. Intuitively, these three instances might be described as therapeutic nihilism, therapeutic resistance and therapeutic response, respectively.
To date, there is no evidence from randomized trials that haemoglobin levels have differential effects on mortality in dialysis patients. The range recommended Chi-square obtained from likelihood ratio test comparing model 2 (mean haemoglobin and anaemia propensity score without interaction) and model 3 (interaction of mean haemoglobin and anaemia propensity score).
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Mortality hazard ratio Low probability Moderate probability High probability Fig. 2 . AHR for mortality, by mean haemoglobin level and probability of anaemia. Error bars represent 95% CI. Reference group is mean haemoglobin 11 to <12 g/dl and moderate probability. Analysis adjusts for age, sex, race, ethnicity, number of catheter insertions, number of hospital days, urea reduction ratio and 13 comorbid conditions. Low probability Moderate probability High probability Fig. 3 . AHR for first hospitalization, by mean haemoglobin level and probability of anaemia. Error bars represent 95% CI. Reference group is mean haemoglobin 11 to <12 g/dl and moderate probability. Analysis adjusts for age, sex, race, ethnicity, number of catheter insertions, number of hospital days, urea reduction ratio and 13 comorbid conditions.
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by the National Kidney Foundation Kidney Disease Outcome Quality Initiative has largely relied on observational studies [17] [18] [19] [20] [21] [22] [23] [24] . In contrast, several intervention trials have failed to demonstrate improvements in 'hard' outcomes when haemoglobin levels are increased from 10-11 g/dl to 13-14 g/dl [25-27]. The first of these studies used death or non-fatal myocardial infarction as primary study outcome. No statistically significant differences were apparent when event rates were compared according to random haemoglobin target assignment, even though haemoglobin levels were extremely well separated. In contrast, a clear, indirect relationship was present between outcome rates and the actual haemoglobin levels achieved [25] . Given that the object of a controlled trial is to make therapeutic intent dependent on chance, this study may be evidence that factors beyond therapeutic intent contribute to the relationship between anaemia and outcomes in haemodialysis patients. In addition, it has been suggested that high doses of EPO are themselves intrinsically toxic, particularly when haemoglobin levels are low [28] . EPO treatments are determined by haemoglobin response in a semi-algorithmic fashion. If this is the case, the hypothesis that EPO is intrinsically toxic becomes difficult to prove in an observational setting. Initial prognostic comparability is a fundamental issue to address when comparing two factors. Only random assignment can generate groups that naturally tend to balance both known and unknown prognostic factors. That being said, many questions cannot be readily addressed using experimental designs. In observational studies, every effort must be made to maximize adjustment for known prognostic factors and to minimize non-random treatment assignment. Typically, most studies use prognostic indicators as adjustment variables in multivariate regression models. Propensity scores have been suggested to lower the likelihood of non-random treatment assignment [29, 30] .
Our study has several limitations. It is retrospective. Exposures reflected clinical need and were not collected at predetermined intervals. Comorbidity assessment was based on administrative claims. Confirmation that higher anaemia propensity scores reflect greater inflammatory activity was not possible. However, we feel that our study also has positive features. The patient and event numbers were high, so that relatively precise risk estimates could be generated. While we found that both the severity of anaemia and the propensity for anaemia were associated with worse outcomes, we can in no way claim cause-and-effect relationships. Only randomized controlled trials can test the hypothesis that changing haemoglobin changes outcomes, after factoring in propensity scores. We fully endorse the need to perform definitive trials in haemodialysis patients. Definitive trials in dialysis patients are both difficult and time consuming. It is likely that observational data will continue to inform much of our clinical practice. Novel analytical approaches may help to increase the alignment between association and causation. Model 2 includes mean haemoglobin and anaemia propensity score without interaction; model 3 includes interaction of mean haemoglobin and anaemia propensity score. a A training dataset (n ¼ 46 544) was randomly selected from the full cohort (n ¼ 93 087). The remaining patients (n ¼ 46 543) comprised the test dataset. The logistic model for the propensity scores and the proportional hazards model for survival were built with the training dataset. Predicted survival probabilities for the test dataset were calculated with results from the training model. Observed survival probabilities for the test dataset were estimated with the Kaplan-Meier method. 
